Introduction
Many cells, including platelets, endothelial cells, leukocytes, and erythrocytes, shed small (0.1-1 mm) fragments of their plasma membranes into the circulation. There is increasing evidence that these submicron fragments, termed microparticles, have important physiological roles. Platelet microparticles are the most abundant microparticles in the bloodstream constituting approximately 70-90% of circulating microparticles [1-3]. Evidence that platelet microparticles participate in thrombus formation is derived from several sources. Elevated platelet microparticle levels are associated with many disease states including heparin-induced thrombocytopenia [4] , arterial thrombosis [5, 6] , idiopathic thrombocytopenic purpura, thrombotic thrombocytopenia [7] , sickle cell disease [8] , uremia [9] , malignancy [10 ] , and rheumatoid arthritis [11 ] . Platelet microparticles have also been implicated in the pathogenesis of atherosclerosis as well as the regulation of angiogenesis [12, 13] . Despite their apparent participation in important physiological and pathological processes, fundamental aspects of platelet microparticle physiology remain unexplored.
The aim of this review is to highlight the concept of platelet microparticles as a cell-to-cell communication system. Special emphasis will be placed on the role of microparticles in the pathogenesis of disease.
The origin of 'platelet' microparticles
Plasma-derived microparticles were first identified as an activity supporting thrombin generation in platelet poor plasma and were referred to as 'platelet dust' [14] . Subsequent marker studies demonstrated that plasmaderived microparticles can originate from leukocytes, erythrocytes, or endothelial cells as well as platelets. These microparticles are defined primarily on the basis of their surface antigens. Those labeled with anti-CD41 (or anti-CD42b) antibodies have been termed platelet microparticles [15, 16] . CD41 þ microparticles are less than a micron in diameter and typically express anionic phospholipids on their extracellular surface. They are distinguished from platelet exosomes, which are derived from endocytosis and are released from multivesicular endosomes [17] . Platelet microparticles derived from activated platelets have been separated into size classes that are heterogenous when characterized by proteomic and functional studies [18 ] . Interestingly, platelet microparticle size classes differ significantly in their contents of growth factors, chemokines, and plasma membrane receptors.
The origin of CD41 þ microparticles was first assumed to be activated platelets. Microparticles are readily formed following activation of platelets with strong physiological platelet agonists such as thrombin and collagen or nonphysiological agonists such as Ca 2þ ionophore. Microparticles have also been demonstrated to form in stored platelets [19] , under shear [20, 21] , following exposure to complement proteins C5b-9 [22] , or with induction of apoptosis [23, 24] . Although generated under different conditions in vitro, specific mechanisms are thought to underlie microparticle formation from platelets. Included in these processes are loss of plasma membrane asymmetry and loss of cytoskeleton-plasma membrane adhesion. These mechanisms are active in the formation of platelet microparticles in disease states.
Microparticles that stain with platelet-specific markers, however, are abundant in healthy individuals whose platelets do not express activation markers. Furthermore, the few studies evaluating the half-life of microparticles indicate that they are cleared rapidly following introduction into the circulation [25, 26] . These observations suggest that microparticles would need to be constantly shed from platelets in healthy individuals in the absence of platelet activation in order to produce the concentration of CD41 þ microparticles circulating in the plasma of healthy individuals. An alternative possibility is that CD41 þ microparticles in healthy individuals are continuously derived from megakaryocytes, the precursor cells of platelets. According to this hypothesis, CD41 þ microparticles consist of two populations, those derived from platelets (platelet microparticles, PMPs) following activation and those continuously derived from megakaryocytes (megakaryocyte-derived microparticles, MKMPs). Recent results support this possibility.
Circulating megakaryocyte-derived microparticles
Cultured megakaryocytes shed microparticles, which has been known for over a decade. In evaluating mature human megakaryocytes derived from CD34 þ CD38 þ bone marrow cells, Cramer et al. [27] noted numerous particles 0.1-0.3 mm in diameter. These microparticles expressed a IIb b 3 and could be identified by flow cytometry.
More recently, high-resolution videomicroscopy revealed that a distinct population of cultured, mouse megakaryocytes formed microparticles. These microparticles formed as submicron beads along the length of thin micropodia. Microparticle-forming megakaryocytes developed dynamic blebs that decorated the surface of the cells. Blister-like protrusions appeared and rapidly disappeared from the surface of cells. Visualization of microparticleforming megakaryocytes at higher resolution with thinsection electron microscopy revealed 0.2-0.5 mm particles extending from the mouse megakaryocyte surface ( Fig. 1) . Organelles appeared to be excluded from blebs. Similar structures were also observed in cultured, human megakaryocytes generated from cord blood [28 ] . Inhibition of actin polymerization and stimulation of actin depolymerization augmented microparticle production and blebbing from megakaryocytes [28 ] . These observations support the concept that weakening the link between the membrane and the cytoskeleton causes microparticle shedding. This supposition is consistent with a body of data suggesting that dynamic plasma membrane blebbing critically depends on filamentous actin integrity [29] [30] [31] . In line with this model, both talin deficiency and PIP5 kinase Ig deficiency in megakaryocytes, which cause disruption of the membrane-cytoskeleton interaction, also cause bleb formation [30] . An intriguing possibility is that megakaryocyte blebbing and microparticle shedding are driven by the Rho-Rock myosin pathway, which is active in megakaryocytes [32] .
To evaluate the possibility that circulating CD41 þ microparticles may derive directly from megakaryocytes, markers that distinguished PMPs from MKMPs have been identified. CD62P and LAMP-1 were expressed on microparticles derived from activated murine platelets, but not from cultured murine megakaryocytes [28 ] . Like MKMPs, microparticles isolated from murine plasma demonstrated negligible CD62P and LAMP-2. Fulllength filamin A, which links the GPIb a membrane glycoprotein to the actin cytoskeleton, is cleaved following Clinical relevance of microparticles Italiano et al. 579
Figure 1 Microparticle generation from mouse megakaryocytes
Thin-section electron micrograph shows the surface of a mouse megakaryocyte. Multiple, small projections were observed emanating from the surface. Blebs at various stages are visualized along the plasma membrane. Scale bar 500 mm. platelet activation and was not found in microparticles derived from activated platelets [28 ] . However, both MKMPs and microparticles isolated from circulating plasma demonstrated full-length filamin A. Similarly, microparticles isolated from human plasma demonstrated full-length filamin A in the absence of CD62P expression. These marker studies suggest that the majority of circulating CD41 þ microparticles more closely resemble MKMPs than PMPs.
Additional evidence that circulating microparticles can be derived directly from megakaryocytes comes from clinical research. Studies evaluating total CD41 þ microparticles, CD62P þ microparticles, and CD63 þ microparticles suggested that only the CD62P þ and CD63 þ microparticle populations correlated with history of myocardial infarction or peripheral vascular disease. The fact that total CD41 þ microparticle counts did not increase led the authors to speculate that circulating CD41 þ microparticles lacking activation markers may derive directly from megakaryocytes [33] . Consistent with these results, recent studies showed that the majority of microparticles in plasma from healthy individuals were CD62P À and contained full-length filamin A, indicating a megakaryocytic origin [28 ] .
Role of microparticles in cell-to-cell communication
An increasing number of studies indicate that CD41 þ microparticles contribute to intercellular communication [34] . Although the physiological significance of this 'platelet dust' may have been overlooked for many years, recent work suggests that these tiny blebs from cells may play an important role in the transport and delivery of bioactive molecules and signals throughout the body. Microparticles may affect target cells either by stimulating them directly via surface-expressed ligands [35, 36] or by transferring surface receptors from one cell to the other [37, 38] . Janowska-Wieczorek et al. [39] reported that hematopoietic stem-progenitor cells covered with PMPs expressed several new platelet membrane receptors such as CXCR4, CD41, CD62, and PAR-1. These authors also demonstrated that PMPs facilitated the engraftment of progenitor cells. Microparticles from activated platelets transfer receptors to the membranes of normal as well as malignant cells and this transfer affects recipient cell function. For example, the transfer of CD41 from platelet-derived microparticles to hematopoietic cells increased the adhesion of hematopoietic cells to fibrinogen [35] .
Because microparticles engulf cytoplasm during their formation, they acquire proteins and RNA that originate from the cytosol of the parent cell. An increasing body of evidence suggests that after attachment or fusion with target cells, microparticles deliver cytoplasmic proteins and RNA to recipient cells [34] . This process can be mediated either through receptor-ligand interactions or through internalization by recipient cells via endocytosis [40] [41] [42] . This phenomenon may contribute to the reprogramming of target cells. Ratajczak et al. [43] demonstrated that microparticles derived from embryonic stem cells are able to reprogram hematopoietic progenitors by horizontal transfer of mRNA and protein delivery. Subsequent studies showed that microparticles from endothelial progenitor cells are able to trigger angiogenesis both in vitro and in vivo by a horizontal transfer of mRNA to human microvascular and macrovascular endothelial cells [44] . Whether MKMPs could act as functional messengers of genetic information remains to be determined, but the recent identification of differentially expressed microRNAs in plasma microparticles of healthy individuals lends credence to this hypothesis [45 ] . Significant differences were found in microRNA expression between platelets, peripheral blood mononuclear cells, and plasma microparticles, the majority of which are CD41 þ [45 ] . The possibility that MKMPs within this CD41 þ population can deliver microRNAs to recipient cells remains to be explored.
Platelet microparticles and immunity
A body of experimental data suggests that platelets play an integral role in modulating innate and adaptive immunity [46 ] . Although there is support for the concept that platelet activation plays a role in the regulation of immunity, the underlying mechanisms by which they provide early signals to immune cells are not fully understood. Previous work has focused on the role of CD154 (CD40L), which is critical to the start and proliferation of the adaptive immune response. Sprague et al. [47 ] have shown that platelet microparticles activate adaptive immune cells in specific tissue compartments in response to cues that trigger antibody synthesis and alter lymphocyte activities. Using an adoptive transfer model, the authors show that plateletderived membrane vesicles can communicate activation signals to B cells. Platelet-derived microparticles transport and deliver CD154 to turn on antigen-specific IgG production and germinal center formation. The release of platelet microparticles from sites of thrombosis in disease states may, therefore, stimulate an immune response.
Platelet microparticles in disease states
A body of experimental and clinical data has highlighted the relationship between platelet microparticles and disease.
Hemostasis and thrombosis
PMPs appear to function in hemostasis. Castaman's defect [48, 49] , an isolated deficiency in the ability to generate platelet microparticles, is associated with a bleeding tendency. Platelets from patients with Scott's syndrome also demonstrate an impaired ability to generate platelet microparticles and display a bleeding diathesis. A role for PMP in activation of vascular cells has previously been demonstrated. Exposure of platelet microparticles to phospholipase A 2 results in the release of arachidonic acid, which is subsequently metabolized by the platelet to thromboxane A 2 [50] . This process results in the transactivation of platelets and endothelial cells and promotes monocyteendothelial cell interactions [51] . Berckmans et al. [3] demonstrated that most cell-derived microparticles circulating in healthy individuals are CD41 þ and that these microparticles promote the generation of small amounts of thrombin, even in the presence of inhibitory antibodies to tissue factor and factor VII. The authors hypothesize that this low-grade thrombin generation in healthy individuals may lead to the activation of protein C and thus have an anticoagulant effect. Whether CD41 þ microparticles have coagulant or anticoagulant properties is yet unknown.
Because platelet microparticles are highly procoagulant, it has been proposed that they may contribute to the pathogenesis of arterial thrombotic disease. Several studies have suggested that circulating microparticles provide a potential prognostic marker for atherosclerotic vascular disease [52] . P-selectin and CD63-exposing platelet microparticles reflect platelet activation in peripheral arterial disease and myocardial infarction [33] . Michelsen et al. [53] have demonstrated increased levels of platelet microparticles in survivors of myocardial infarction. They demonstrate a significant independent association between large platelet microparticles and plasma thrombin-antithrombin complexes and soluble CD40 ligand in patients with myocardial infarction, but not in healthy controls. In a recent study, Chironi et al. [54 ] demonstrated that internal and external carotid artery diameter correlated negatively with microparticles derived from platelets, endothelial cells, and leukocytes. It remains unclear whether the microparticles are contributing to the remodeling of the artery or are simply representing the activation status of the cells from which they are derived.
Cancer and angiogenesis
Numerous studies have shown that platelet microparticles have the capacity to induce angiogenesis and are involved in the metastasis of cancer [13] . Platelet microparticles promoted the proliferation, survival, migration, and tube formation of human umbilical vein endothelial cells, suggesting that platelet microparticles may promote the formation of new blood vessels during tumor growth. This effect was mediated by the con-certed action of fibroblast growth factor (FGF)-2, vascular endothelial growth factor (VEGF), and a lipid factor. Platelet microparticles also induced sprouting of blood vessels both in vitro and in vivo [55] . Furthermore, intramyocardial injection of platelet microparticles markedly elevated the amount of new capillaries formed in the heart muscle in the background of ischemia.
Although the role of platelet microparticles in cancer development is unknown, it is well established that some tumor cells have the capacity to activate platelets and induce platelet aggregation. Thus, it may be expected that the concentration of platelet microparticles at the sites of tumors may be abnormally increased. In gastric cancer, platelet microparticle levels are better predictors of metastasis than plasma levels of interleukin (IL)-6, RANTES, and VEGF [56] . Helley et al. [57 ] have recently demonstrated that platelet microparticle levels are highly correlated with aggressive tumors and a poor clinical outcome. Dashevsky et al. [58 ] showed that platelet microparticles can stimulate the secretion of matrix metalloproteinase 2 (MMP-2) via prostate cancer cells in vitro, promoting their passage through collagen, a major component of the extracellular matrix. The secretion of MMP-2 was not mediated by the platelet angiogenesis regulatory proteins PF-4, VEGF, or bFGF. These results suggest that platelet microparticles may promote tumor invasiveness by stimulation of MMP-2 production.
The concept of intracellular microparticle-based receptor transfer contributing to disease has recently been demonstrated in models of cancer. Al-Nedawi et al. [59 ] recently found that microparticles generated from a human glioma cell line expressing an oncogenic form of the epidermal growth factor (EGF) receptor can transfer the receptor to tumor cells that express the wild-type receptor. The multivesicular transfer of the oncogenic EGF receptor leads to the transfer of oncogenic activity and the activation of transforming signaling pathways. Tumor cells expressing the oncogenic form of the EGF receptor also showed increased microparticle formation. These studies clearly demonstrate that microvesicles derived from tumor cells can contribute to a horizontal propagation of oncogenes.
Infectious disease
Microparticles from activated platelets may serve as vectors that transfer receptors to recipient cells, rendering them susceptible to infection. Rozmyslowicz et al. [38] demonstrated that microparticles derived from megakaryocytes and platelets were able to transfer the chemokine coreceptor CXCR4, which is essential for the entry of X4 HIV strains, to the surface of CXCR4 negative cells. The recipient cells became susceptible to infection by the X4 HIV strain. These studies raise the possibility that MKMP may influence cell function by binding to and transferring receptors to recipient cells. These studies also suggest that both platelet-derived and megakaryocyte-derived microparticles may play an important role in spreading the infection of HIV-1. Recently, Corrales-Medina et al.
[60 ] demonstrated that platelet microparticle levels were significantly higher among HIV-infected patients than among controls. Thus, increased levels of microparticles in patients may be a mechanism that leads to the spreading of infection.
Rheumatoid arthritis
Many different studies have highlighted the relationship between inflammation and thrombosis [61] , but a recent study links platelet microparticles to rheumatoid arthritis. Rheumatoid arthritis is a chronic, systemic inflammatory disorder that afflicts 1% of the world's population and principally attacks synovial joints. In rheumatoid arthritis, the joint synovium becomes inflamed with immune cells and blood vessels that are dilated. The progression of the disease involves both the adaptive and innate arms of the host immune system. Previous work has suggested that platelets accumulate in the joints of patients with rheumatoid arthritis and that increased numbers of microparticles are found in the synovial fluid of patients [62, 63] . However, although earlier studies have suggested platelets may play a role in inflammatory joint disease, a mechanistic link between platelets and rheumatoid arthritis has not been established. Boilard et al. [11 ] demonstrate that platelets are crucial for the development of inflammatory arthritis. They show that microparticles released from platelets amplify the rheumatoid arthritis. Using both pharmacologic and genetic approaches, they identified the collagen receptor glycoprotein VI and its associated gamma chain of the Fc receptor as key triggers for platelet microparticle generation in arthritis pathophysiology. Fibroblast-like cells lining the joint cavity triggered microparticle shedding. In support of their findings in the laborarory, clinical studies showed that synovial fluids from patients with rheumatoid arthritis contained platelet microparticles, whereas fluid from patients with osteoarthritis lacked microparticles. Boilard et al. also established that microparticles from the joint fluid of rheumatoid arthritis patients can reciprocally activate the fibroblast-like synoviocytes, stimulating synoviocytes to secrete inflammatory cytokines. IL-1 packaged into shed microparticles appears to play a major role in amplifying inflammation.
Conclusion
Considering their diverse functions, it is remarkable that platelet microparticles escaped the attention of many hematologists until recently. Now, our understanding of platelet microparticles is accelerating rapidly, and we are beginning to define their specific roles in select disease processes. Understanding how platelet microparticles impact different diseases will enable identification of new cellular pathways that are amenable to therapeutic manipulation. In addition, platelet microparticles show promise as diagnostic biomarkers for diseases and potentially as a delivery system for therapeutics. It is difficult to predict which of these potentials will be actualized and when, but the substantial growth in this area toward patient-based studies underscores its clinical relevance.
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